Background: Previous research has demonstrated that plasma carotenoids are a reliable biomarker of usual fruit and vegetable intake. The review aims were to synthesize (i) the mean dietary intake and (ii) plasma concentrations of carotenoids reported from validation studies (iii) compare the strength of the relationship between the two, measured using different dietary assessment methods. Methods: Six databases were used to locate studies that included: adult populations, assessment of dietary intake, measurement of plasma carotenoids and reported the comparison between the two measures. Results: One hundred and forty-two studies were included with 95,480 participants, the majority of studies were cross-sectional (n ¼ 86), with randomized controlled trials (RCTs) (n ¼ 18), 14 caseecontrol studies and 13 cohorts. The most common reported dietary carotenoid and plasma carotenoid was lycopene: weighted dietary mean intake (4555.4 ug/day), and plasma concentration 0.62 umol/L (95% CI: 0.61, 0.63, n ¼ 56studies. The strongest weighted correlation between the two measures was found for cryptoxanthin (r ¼ 0.38, 95% CI 0.34, 0.42) followed by a-carotene (r ¼ 0.34, 95% CI 0.31, 0.37). Conclusion: This review summarizes typical dietary intakes and plasma concentrations and their expected associations based on validation studies conducted to date which provides a benchmark for future validation studies.
Introduction
Epidemiological studies have reported that regular consumption of fruits and vegetables, in accordance with World Cancer Research Fund guidelines [1] , is associated with reduced risk of some cancers including breast, oesophageal and lung [2e6] . In addition having an adequate fruit and vegetable intake substantially lowers risks of coronary heart disease [7, 8] , stroke [9, 10] and type 2 diabetes mellitus [11, 12] specifically showing decreased risk with higher consumption of green leafy vegetables [13, 14] . In addition fruit and vegetable intake has been associated with decreased risk of asthma in adults and children [15] .
A variety of plant components such as fiber, carotenoids and other phytochemicals are thought to contribute to these protective effects [16] . Carotenoids are obtained from the diet as brightly coloured pigments which originate in plant foods. Variations in digestion and absorption exist between individuals, with plasma concentrations of carotenoids having a half-life between 26 and 76 days [17] . However some carotenoid supplement studies report peak concentrations in plasma up to two weeks following consumption [18] .
The main carotenoids of interest are lycopene and b-carotene and this is because of the documented associations with decreased risk of disease. These carotenoids are highly prevalent in fruits and vegetables. Specifically lycopene is found in tomatoes and tomato based products while b-carotene is found in high concentrations in carrots and cantaloupe. Other carotenoids including cryptoxanthin are found in fruits such as oranges, while lutein is found in lettuce, kale and spinach [19] . Lutein is often combined with zeaxanthtin in reports due to chromatographic overlap.
Accurate assessment of fruit and vegetable intakes is fundamental to a range of research domains, including epidemiological studies examining the relationship between dietary intake and disease outcomes, evaluating whether populations are consuming adequate intakes of fruit and vegetables and hence obtaining the protective advantage from disease and monitoring of changes in population intakes over time. Measuring the dietary intake of carotenoids and examining the relationship with plasma carotenoid concentrations is one way in which intake can be scrutinized using an independent biomarker and the validity of intake assessment method evaluated.
Validity is defined as the accuracy of a measure, assessed by comparing results from an assumed "gold standard" measure of known validity such as doubly labelled water, to values obtained by another instrument. In free living individuals, there is no gold standard measure of total or individual nutrient intakes when comparing actual intake with that measured using a dietary assessment method or tool [20] . However, comparison of one dietary intake assessment method to another method is a common approach, but does carry the risk of correlated errors [21, 22] . Plasma biomarkers offer an objective and independent variable that can act as a proxy for intake of specific foods and therefore is suitable for use when validating dietary assessment tools [23] . Regardless of individual variability in absorption, availability, and metabolism [24, 25] , plasma concentrations of carotenoids reflect intake of fruits and vegetables due to their abundance in these foods [24] . Due to the diverse phytochemical composition across a range of vegetables and fruits, selecting a single carotenoid as sole biomarker is not likely to be meaningful [26] . Instead, a range of carotenoids is recommended when using them as biomarkers of fruit and vegetable intake. Previous research has shown a doseeresponse relationship between intake and appearance of carotenoids in plasma [27] , making carotenoids a fairly reliable biomarker of total carotenoid intake However, the strength of the relationship between intake of individual dietary carotenoids and plasma concentrations across a range of studies has not been ascertained. Establishing reference ranges for diet and plasma carotenoids, could allow comparison of specific dietary tools in terms of validity statistics in measuring dietary intakes of carotenoids and/or fruits and vegetables.
Therefore the aims of this review were to synthesize from the best available dietary validation studies to date (i) the mean dietary intake of carotenoids in adults; (ii) the mean plasma carotenoid concentrations reported in dietary validation studies (iii) the strength of the relationship between dietary intakes of carotenoids, measured using different dietary intake assessment methods, and plasma carotenoid concentrations.
Methods
A three-step strategy was undertaken to identify studies published in the English language up to May 2014. The review methodology was registered with PROSPERO (ID number CRD42013004777).
In stage one, six online databases were searched, CINAHL, Cochrane, MEDLINE, ProQuest, PubMed and Excerpta Medica. Key words used individually and in combination were: dietary assessment OR food frequency questionnaire OR diet/dietary recall, diet record, weighed food record, validity/validation AND carotene OR carotenoids OR fruit OR vegetable. Electronic searches were supplemented by manual cross checking of the reference lists of relevant publications. All study designs were included.
After the removal of duplicates, stage 2 involved the assessment of titles and abstracts of identified studies by two independent reviewers with discrepancies decided by consensus using a third reviewer. A'priori inclusion/exclusion criteria were applied to determine the eligibility of each publication for inclusion in the review, as per the following inclusion criteria: adult populations (!18 or 19 ! yrs or 'adults' depending on the database searched), a measure of dietary intake, a measure of plasma carotenoids as a biomarker of intake, reported the comparison/correlation/agreement between diet and biomarker assessments. Carotenoids, individually or in combination, included a-and b-carotene, cryptoxanthin, lycopene, zeaxanthin, and lutein. Papers that met the inclusion criteria, or where eligibility was unclear, were retrieved. These were then evaluated for inclusion by two independent reviewers with discrepancies discussed with a third person.
Risk of bias was assessed using a standardized tool from the American Academy of Nutrition and Dietetics [28] . Ten quality criteria were rated as being absent, present or unclear in each study. This included the assessment of population bias, study blinding, a description of the intervention and assessment tool, statistical methods, and study funding. An overall quality rating was assigned to each study as being plus/positive, neutral or minus/negative.
Data were extracted using standardized tables developed for this review. In cases of uncertainty regarding quality assessment, or data extraction, a third independent reviewer was consulted until consensus was reached.
The dietary intakes of carotenoids and plasma carotenoid concentrations, and the relationship between them, were grouped by dietary assessment method where possible. These dietary intake assessment methods were 24 h recall, food frequency questionnaire (FFQ), diet history, food records, and other non-standard dietary questionnaires which included dietary methods not covered by the other categories.
Data synthesis
Results were pooled using meta-analysis if the following data were available in addition to the reported number of participants: correlation coefficients (or equivalent) between dietary carotenoid intake and plasma carotenoid concentrations (a carotene, b carotene, cryptoxanthin, lutein/zeaxanthin and lycopene); dietary intakes (reported as mg/day) and plasma concentrations. For plasma concentrations the data were entered as mmol/L and if reported in other units they were converted to mmol/L using the relevant conversion factors. If there was significant heterogeneity, the random effects model was used for statistical analysis. If studies reported more than one correlation statistic between diet and plasma due to use of multiple dietary assessment methods, the strongest correlation was used (n ¼ 3 studies).
Analysis were undertaken by each individual carotenoid and also separately for each diet assessment method (24 h recall, FFQ, diet history, food record and questionnaire) and where possible, overall regardless of diet assessment method. Sub-analysis by sex was also undertaken if there were enough studies to conduct separate meta-analyses. The reporting of the associations between diet and plasma carotenoid concentrations was rarely separated out by supplement use versus no use, supplements were most often added into dietary intake estimates thus the impact of supplements could not be compared in this review.
There were not enough studies for comparison by ethnicity. Meta-analyses were conducted using Comprehensive MetaAnalysis Professional version 2 (Englewood, New Jersey, USA).
Results
The search strategy identified 4176 articles, as outlined in Fig. 1 . For the full search strategy see Supp Table 1 . Following elimination of duplicates, initial assessment of titles and abstracts, and evaluation of retrieved studies against the inclusion criteria, 149 articles from 142 studies were identified for critical appraisal and included in the review.
The results of the quality assessment appraisal are summarized in Supplementary Table 2. The majority of included studies were classified as being of positive quality (n ¼ 111, 77%), with ten (7%) classified as being of negative quality and 23 (16%) of neutral quality. Ten percent of studies (n ¼ 13) did not describe the handling of withdrawals or non-completers and the majority of studies only conducted correlation analysis and not other validation statistics such as Bland Altman and Kappa statistics. As the inclusion criteria for the current review included all study types, a large proportion of the studies were cross-sectional and appropriately deemed as "not applicable" against the criteria of "assessing the comparability of study groups" (n ¼ 92, 65%) and "description of intervention" (46%).
As shown in Table 1 , over half of the studies (n ¼ 69) were conducted in the USA with the next most common regions being the UK (n ¼ 9), France (n ¼ 7), Italy (n ¼ 6) and the Netherlands (n ¼ 5). The majority of included studies were cross-sectional (n ¼ 86), followed by randomized controlled trials (RCTs) (n ¼ 18) with 14 studies for caseecontrol and 13 for cohort. The total number of participants was 95 480 across the included studies. The majority of studies included healthy individuals free of disease and not taking medications and assessed both sexes with 31 assessing females only and six studies conducted in males only [19,24,29e37 ].
Diet
In descending order the most common dietary assessment methods used were: food frequency questionnaires (n ¼ 103 studies), 24 h recalls (n ¼ 35), food diary/estimated food records (n ¼ 30) with reporting period between one and seven days, generic food questionnaire or fruit and vegetable screeners (n ¼ 11), weighed food records (n ¼ 10) with reporting periods varying between two and seven days, diet history method (n ¼ 6) and diet quality score (n ¼ 2). Of those studies which utilised an FFQ, a total of 36 studies provided extra details regarding the reporting period. The most common reporting periods were the: previous 12 months (n ¼ 23), previous three months (n ¼ 7) and previous month (n ¼ 7). A total of 58 studies reported details on the number of items within an FFQ, with a mean number of 128 food items (range 27e255). There were 43 studies which assessed dietary intake using two of the above methods simultaneously, while five studies [20,38e41] used three or more methods within the same study. As shown in Table 2 , the most common dietary carotenoids assessed were: b-carotene (n ¼ 88 studies), followed by lycopene (n ¼ 47) and a-carotene (n ¼ 46). Thirty eight studies assessed lutein and zeaxanthin as a combined variable, while only 18 assessed lutein and seven zeaxanthin individually. Sixteen studies assessed dietary intake as intake of fruits and vegetables only, rather than individual carotenoid intakes. The nutrient databases used to evaluate dietary carotenoids varied with over 21 different databases used. The most common however was the Results reported combined for supplement and non-supplement users. Non-validated FFQ.
(continued on next page) [24] Fruit and vegetable frequency (times/ day) -Mean ± SD: 2.9 ± 1.9
Mean ± SD, (mg/dl):
b-carotene:13.5 ± 11.4; cryptoxanthin: 11.2 ± 9.1; Plasma carotenoid data UC/NR.
(continued on next page) b -carotene (mean ± sd): (Table 3) [150] b -carotene (ug) a -carotene 0.074 (P < 0.001), b -carotene 0.135 (P < 0.001), lutein þ zeaxanthin 0.096 (P < 0.001), lycopene 0.034 (P < 0.001).
Supplement: b -carotene 0.040 (P < 0.001), lutein þ zeaxanthin 0.017 (P < 0.001) Cross-section: For every 10% increase in estimated dietary lutein þ zeaxanthin was assoc with 2.4% increase in serum lutein, P < 0.05 (partial correlation coefficient 0.24) and 1.2% in serum zeaxanthin, P < 0.05 (partial correlation coefficient 0.11). (continued on next page) (continued on next page) [192] a carotene M 0.05 F 0. NR e not reported, DR e diet record, FR e food record, WR e weighed record, FFQ e food frequency questionnaire, DHQ e diet history questionnaire, UC e unclear, F&V e fruit and vegetable, DQI e diet quality index, F e females, M e males.
United States Department of Agriculture (USDA) database [42] (n ¼ 35), followed by the National Cancer Institute (NCI) (n ¼ 10) and the University of Minnesota (n ¼ 10) food and nutrient databases.
The mean reported dietary intakes of carotenoids, by diet assessment method are reported in Table 3 . The dietary carotenoid intakes (weighted mean from meta-analysis), in descending order, were: lycopene (4555.4 mg/day), b-carotene (3679.8 mg/day) lutein/ zeaxanthin (2363.6 mg/day), a-carotene (814.4 mg/day) and cryptoxanthin (186.3 mg/day). When sub-analysis was completed by sex, females had higher reported intakes than males for a-and bcarotene but not for cryptoxanthin, lutein/zeaxanthin or lycopene.
Biochemistry
Blood samples were collected from participants in a fasting state in 88 studies, with 26 in a non-fasted state. In studies where participants were fasted, 49 did not specify the length of fasting time, 13 studies reported that it was overnight, 14 reported a 10e12 h fast, nine studies reported four to 8 h, and two studies reported that only a portion of the study sample fasted. High performance liquid chromatography (HPLC), which is considered the gold standard analytical technique for analysis of carotenoids, was used to assess plasma carotenoids in all studies, except nine which used alternative methods such as spectrophotometry (Table 1) , while in 11 studies the method was unclear.
The most commonly assessed plasma carotenoid was b-carotene, assessed in 80% of studies (n ¼ 123), followed by a-carotene (61%, n ¼ 87) and lycopene (59%, n ¼ 84). It was more common to assess lutein and zeaxanthin as a combined variable (n ¼ 48 studies) than either of these carotenoids individually (n ¼ 37 and n ¼ 20, respectively).
A total of 48 studies reported a combined variable of 'total carotenoids', however very few provided details as to how the 'total' was calculated. The most common report (n ¼ 
Correlations
Weighted mean correlations between diet and plasma carotenoids by dietary assessment method are reported in Table 4 . The strongest correlation between diet and plasma values was for cryptoxanthin, with a mean correlation coefficient of (r ¼ 0. Females had stronger correlations than males for all carotenoids except, lycopene. It was found that fasting was not a confounding factor for the observed association between serum carotenoids levels and dietary intakes. Although not used in many studies, food records tended to demonstrate the strongest correlations between diet and plasma values, while general 'questionnaires' demonstrated the weakest.
Discussion
The present review identified 142 studies that had reported on the validation of a dietary intake assessment method against plasma carotenoid concentrations as biomarkers of fruit and vegetable intakes in adults. In general, the quality of studies included in this review was high with approximately 80% achieving a positive rating. The majority of studies were of cross-sectional design with healthy adults of Caucasian background, with few evaluations conducted in other ethnicities, such as African American, Hispanics and Asian populations. A lack of diversity across study populations means that current validated dietary assessment tools do not necessarily apply across nationally representative populations and future studies should include a wider ethnicity base.
FFQs were the most common type of dietary assessment method used in the included studies. This is not surprising given that this method typically assesses dietary intake over longer reporting periods compared with weighed records or 24 h recalls.
The reporting periods of the FFQs varied between the previous one month and 12 months. However, despite the FFQs ability to capture food intake over a longer time period, this review indicates that the strength of relationships were typically less strong. This is to be expected, and partly explained by the considerable range in the number of food items included in the food lists used in FFQs in particular the number of fruit and vegetable items, and the half-life of plasma carotenoids of 26e76 days [17] . Approximately one third of studies that used an FFQ included details on the reporting period, while just over one half provided information regarding the food items included. The limited detail for some FFQs and the heterogeneity in the food lists, specifically fruit and vegetable items, used to measure dietary intake of carotenoids makes interpretation difficult.
Overall the correlations found in this review were weak to moderate ranging from 0.26 to 0.47, however these results need to be considered in context with the amount of confounding variables of using carotenoids as a biomarker including adiposity, infection, differences in absorption, digestion. Fruits and vegetables are quite varied in their composition of carotenoids which makes selection of a single carotenoid as a biomarker an arduous task. b carotene and lycopene were reported as the most abundant carotenoids consumed while b and a carotene were the most commonly assessed biochemically. The strongest associations between diet and plasma carotenoids were cryptoxanthin and a-carotene. From this review, we conclude that in order to achieve the best estimate of carotenoid intake, food records should be used.
Food records showed the strongest correlation with plasma concentrations and this may be due to extra detail provided in this dietary assessment method such as weight or measure of the actual food item, brand of food and cooking method, which allows for more accurate alignment of the consumed item with matching foods in nutrient databases and hence carotenoid intake estimation. However it is noted that food records carry a high researcher and participant burden, and are expensive to collect and analyse. Higher correlations may also be attributed to the shorter time frame with food records typically kept for a period of three to seven days and including both weekdays and weekends and hence more proximal to plasma concentrations. It should also be noted that FFQs and estimated food records both have limitations in terms of accurate assessment of carotenoid intakes, compared to alternate measures of dietary assessment such as weighed food records. Studies using brief or generic questionnaires (n ¼ 11) produced the poorest associations. This is not surprising given these nonstandard approaches may not validly represent usual dietary intake, but rather provide a general overview of specific aspects of dietary intake only such as serves of fruit and vegetables.
Many of the studies were cross-sectional in design, meaning dietary intake and biomarkers were assessed at a single time point. Whilst this was suited to the specific aim of studies examining associations between intake and biomarkers, depending on the dietary intake method it is likely that the biomarker measurement and assessment of dietary intake did not cover the exact same time period, hence reducing the potential to detect relationships as statistically significant. The issue as to whether a single biomarker assessment reflects a person's usual or longer-term intake, or simply recent intake has been raised previously [52] . However, it is usually assessment of longer-term intake that is more appropriate for evaluating chronic diseases risk rather than short-term intake.
Further work is needed to determine whether measurement of carotenoids in other samples types, e.g. erythrocytes, adipose tissue provide a more suitable, long-term biomarker of carotenoid intake.' 'It has been suggested that the less invasive measure of skin carotenoid concentrations are potentially better measures of longer term marker of intake however skin has higher turnover [54, 55] but limited studies have been conducted to date. Although dietary assessment methods have a number of limitations, including over-or under-reporting, biomarkers are an objective marker of dietary intake that can be used to examine relationships with disease risk [56, 57] . It is acknowledged that using carotenoids as biomarkers also has some limitations. For example, plasma carotenoid concentrations can be influenced by a number of factors including: an individual's baseline plasma carotenoid concentrations; the intra and inter variability in individuals digestion and absorption; the amount of fat in the diet; cooking methods used when preparing carotenoid rich foods; and vitamin A status. a and b -carotene and cryptoxanthin are readily converted to vitamin A in the body, such that an individual with low vitamin A status will likely have higher conversion rates and this may reflect in having lower carotenoid concentrations. The use of carotenoids also carry some controversies such that male smokers supplemented with b-carotene were found to have higher incidence of lung cancer than compared with those who received no supplement. While plasma concentrations of carotenoids have their limitations, they are still a good measure of dietary intake, particularly when you compare to the limitations of reported dietary intakes. Given that assessing nutritional biomarkers is not feasible in many studies, particularly large scale epidemiological studies, it is important that the dietary assessment methods used have at least been validated against biomarkers in a representative sample of the population in which they are to be administered. This could lead to increased confidence in the findings from studies using these validated methods.
The USDA database was the most common nutrient database used across the included studies, followed by NCI and University of Minnesota. This is not surprising given the majority of studies (68%) were undertaken within the USA. However, the popularity of these databases in included studies conducted outside the USA is likely due to the regular updates (all revised in 2013) and extensive range of nutrients available (range 140e180 nutrients). All three databases report on individual food carotenoid levels except for the estimates of lutein and zeaxanthin which are combined, due to difficulty in resolving the HPLC peaks for lutein and zeaxanthin, as a result of their similar retention time. Limitations of these databases for studies conducted outside the USA are that the estimates are based on the US food supply and therefore will not reflect true carotenoid compositions of foods sources from other countries. This will explain some variation in the correlation values in included studies using these databases, but are not from the USA. An additional consideration could also include how many items or questions are included in the dietary assessment method, when using questionnaires, compared to the carotenoid database. For example if an FFQ contained 100 items but only a few of these foods captured major sources of dietary carotenoids in this population, this would limit the assessment by underestimating intake.
b-carotene and lycopene were the dietary carotenoids assessed most frequently in the included studies, and not surprisingly also the two carotenoids for which plasma concentrations were highest and hence evidence exists examining the relationship between intake and disease risk [58] . However the strongest correlations were found for cryptoxanthin and a-carotene, and not b-carotene and lycopene. This is likely to be due to the increased variety of food items containing b-carotene and lycopene in FFQs and there are less food sources of cryptoxanthin.
The strongest correlations between dietary intake and plasma levels were found for cryptoxanthin and a-carotene. This is likely due to the fact that these carotenoids are rarely included in dietary supplements, which eliminates the potential confounding effect of supplemental doses. The moderate correlations found may be attributed to these carotenoids being highly prevalent in fruits and not vegetables. It is well documented that individuals are more likely to meet fruit targets than vegetable targets [59] .
There was large variability in reporting of the fasting time of when blood specimens were collected. This makes direct comparisons difficult especially when in some studies, only a proportion of participants were fasted. As carotenoids enter the blood stream within 3e4 h after food consumption, which is also dependent on the amount of fat in a meal, whether the food is cooked/uncooked and the type of food (or supplement), for example the relative bioavailability of b-carotene from vegetables compared with purified b-carotene ranges between 3 and 6% for green leafy vegetables, 19 and 34% for carrots and 22 and 24% for broccoli [60] , the fasting time could affect the overall comparisons with diet and likely to have contributed to the variability in findings across the included studies.
Limitations
This review was limited to studies published in the English language and may be predisposed to a publication bias and an overrepresentation of studies that found positive associations between diet and plasma biomarkers. There was a high level of statistical heterogeneity among the included studies which indicates that the results should be interpreted with caution. We addressed statistical heterogeneity by reporting random effects meta-analysis and sub-group analyses. The potential sources of heterogeneity include variations in dietary assessment methods, the participant populations including sex, age and ethnicity, the range of plasma carotenoids assessed and the differing study protocols. The review was also limited by the less than optimal methodological quality of some of the included studies. However strengths include the large number of studies evaluated, the registered review methodology that adheres to the PRISMA guidelines for reporting of systematic reviews and the provision of meta-analyzed reference ranges for both plasma carotenoid concentrations and dietary intakes and the relationship between the two variables. In conclusion this review summarizes typical intakes and plasma concentrations and their expected associations between the two. These will assist researchers conducting future validation studies in assessing the performance of their dietary intake instrument. It will also provide confidence in the use of dietary assessment tools as meaningful measures of fruit and vegetable intake.
